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Abstract

To meet the growing demand for antibacterial implants for bone-implant-associated infection therapy and avoid the adverse effects of
secondary surgery, a degradable platform with pH responsiveness and ion-associated antibacterial properties was constructed. A small amount
of Sn added to Mg-1Zn alloy reduces the biocorrosion rate, which can be attributed to Sn participation in outer-layer film formation,
significantly reducing the biocorrosion rate and hydrogen evolution rate after implantation in vivo. These Mg alloys, which are susceptible
to degradation in the acidic bacterial microenvironment, degrade by releasing Mg, Zn and Sn, producing favorably alkaline and antibacterial
conditions. Samples with the composition of Mg-1Zn-0.5Sn were found to be beneficial for promoting initial cell adhesion and proliferation,
resulting in improved biocompatibility and biosafety. The biocompatibility of this alloy was confirmed by the healthy behavior of animals and
the absence of acute or chronic toxicity in the liver, spleen, and kidneys. Our results demonstrate that Mg-1Zn-0.5Sn is safe for biological
systems, enabling its efficacious use in biomedical applications.
© 2020 Published by Elsevier B.V. on behalf of Chongqing University.
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1. Introduction 200GPa) are higher than that of bone (7-25GPa), which

causes stress shielding [2,3]. As a result, bone resorption oc-

The demand for artificial organs and other biomedical de-
vices has increased drastically during recent decades. Com-
monly used high-performance implant materials include stain-
less steel (SS), cobalt-chromium (Co—Cr) and titanium (Ti)
and their alloys/composites [1]. However, certain drawbacks
suggest that their full potential may nearly be exhausted. First,
the Young’s moduli of the aforementioned materials (110-
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curs, leading to implant loosening and failure [4]. Second, due
to the adverse effects of nondegradable materials, the feasibil-
ity of developing biodegradable materials has attracted strong
interest. Recently, magnesium (Mg) and its alloys have gained
a great deal of attention as promising and potential biodegrad-
able materials for the fabrication of bone fixation accessories
because of their favorable biological properties [5-7].

Mg implants can be dissolved, absorbed and/or excreted, so
that implant removal surgery is not required [8]. However, one
major the concern with Mg is its high corrosion rate, mak-
ing it unpredictable in the physiological environment [9-11].
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In fact, Mg is electrochemically very active, with a standard
potential of —2.7V (Mg/Mg?*, standard hydrogen potential)
[12]. Fast corrosion results in implant failure before a bone
fracture is healed. Bone healing process normally takes over
3 months while currently available biodegradable Mg alloys
cannot maintain their mechanical integrity within this time
frame [13]. Another problem is about corrosion products of
Mg, i.e. hydrogen gas (H,) bubbles which form around the
implant [14,15]. The H, bubbles evolved from a corroding
Mg implant can be accumulated in the form of gas pockets
in the tissues surrounding the implant, which may ultimately
lead to the separation of tissue layers and tissue necrosis [16].
In a worst-case scenario, patient death is possible if a large
amount of H, bubbles diffuse through the blood circulating
system and block blood stream. Decreasing the corrosion rate
of Mg alloys is the only way to solve the problem. At a
decreased corrosion rate, Mg,+ ions, H, bubbles and OH—
ions will be produced more slowly, allowing the host tissue
to gradually adjust or deal with the biodegradation products
[17].

Extensive research has been done to decrease the Mg’s
corrosion rate [18,19], including new alloy development [17],
tailoring the microstructure or the surface properties [20,21],
reinforcing with bioceramic particles [22], thermomechan-
ical processing [23] and coating them with biopolymers
[24] and/or bioceramics [25] using different coating tech-
niques such as electrodeposition [3], electrophoretic deposi-
tion [26] and dip-coating [27] Elemental alloying has been
reported as the most effective technique to improve the cor-
rosion resistance and mechanical properties of Mg alloys [28].
Zinc, with its standard corrosion potential (—0.8V vs. stan-
dard hydrogen electrode (SHE)) between that of magnesium
(—2.37V vs. SHE) and iron (—0.4V vs. SHE), is a promis-
ing candidate as a biodegradable metal [29,30]. As an es-
sential nutrient of the human body, Zinc (Zn) reduces the im-
plant corrosion rate and improves its mechanical strength [30].
Moreover, the low concentrations of Zn involved are known to
be biologically safe [31]. Mg-1Zn alloy with a microstructure
of a single solid solution was found to present satisfactory
biocompatibility and to produce less hydrogen gas than many
other binary Mg alloys in simulated body fluid [32]. However,
the mechanical properties and degradation rate should be fur-
ther enhanced for practical clinical application [26,33-35].

Moreover, due to the high solubility in Mg, the addition
of Zn could lead to a continuous increase in yield strength
(YS) as Zn increases from 1 to 6 wt.%. However, the effect of
zinc content on the microstructure and corrosion behavior was
revealed that higher Zn content led to a reduction in the grain
size and an increase in the amount of second phase (MgZn,).
That was to say, the increase of strength was in conflict with
the decrease of corrosion rate. Since reducing corrosion rate
is the most important goal of magnesium alloy biomaterials,
this experiment limits the Zn content to 1 wt%.% [7,36].

Howeyver, to meet the clinical demand, both the mechanical
and corrosion properties still needs to be further improved.
Tin (Sn), another essential trace element in the human body,
has a high solid solubility in Mg alloys at the eutectic

temperature. A solid solution of Sn improves the electrode
potential of the Mg matrix to improve the corrosion resis-
tance. A previous report on Mg-1Sn alloy indicated favorable
in vitro biocompatibility [37]. Tin is an n-type semiconductor
material with a bandgap of approximately 3.6eV in the form
of SnO,. It has high thermal stability and high transmittance
in the IR and visible regions. It is often used for functional
materials such as conductive electrodes in solar cells, flat
panel displays, and gas sensors [38]. In addition, the addition
of Sn to Mg alloys improves the mechanical properties due
to solid solution strengthening [39]. The addition of Sn thus
plays a dual role in the comprehensive properties of Mg
alloys [40]. Mg,Sn phases precipitated in Mg-xSn alloys
promoted passivity but notably functioned as pitting corro-
sion initiation sites, while the solid solution Sn decreased
the H, evolution rate [41]. According to Mg-Sn binary
phase diagram, solid solubility of Sn in the Mg substrate
significantly from 14.85wt.% of the eutectic temperature
dropped to 0.45wt.% of 200°C [42]. The addition of Sn
was reported to have improved the mechanical properties
of Mg-1Zn alloy due to the formation of the high melting
point intermetallic compound of Mg,Sn [42]. Moreover, Sn
has mild antibacterial properties in the nanoscale regime [43,
44]. Thus, to enhance the antibacterial behavior, Sn is often
used to protect underwater optical instruments against the
formation of biofilms in seawater [38]. Therefore, the content
of Sn addition should limit to a relatively low lever to avoid
excessive formation of Mg,Sn phase. Based on the hope
that the alloy has better corrosion resistance, the Sn content
designed for Mg-1Zn alloy was selected to be 0.5% wt.

What is more, a study [45] showed that Mg metal has
an effect on the colony forming units (CFUs) of both Gram-
negative and Gram-positive bacteria, similar to the effect of
a bactericidal fluoroquinolone antibiotic (enrofloxacin). Fur-
ther, the results revealed that Mg corrosion products inhibit
the growth of E. coli, P. aeruginosa and S. aureus. Zinc (II)
ions can form strong bonds with the thiole, imidazole, amino
and carboxyl groups of the microorganism membrane pro-
teins of S. aureus bacteria, inducing structural changes to the
membranes, consequently disturbing nutrient/protein transport
and causing bacteria death [46]. Another study indicated that
Zn can bind to bacterial DNA, otherwise inhibiting replication
or inactivation of bacterial protein [47-49]. At the same time,
the high pH environment produced during the degradation of
magnesium alloys can inhibit a variety of bacteria. Based on
the above reports, we hope to evaluate the antibacterial abil-
ity of the degradation products in the process of evaluating
the degradation of the material in vitro to verify the potential
antibacterial performance of the material.

However, a study on the corrosion behavior, biosafety and
antibacterial properties of Mg-1Zn alloys with Sn could not
be found in the literature. Hence, in the current study, the
mechanical properties of Mg-4Zn-0.5Sn alloy were evaluated
in detail, the in vitro and in vivo corrosion behavior, biosafety
and the antibacterial ability brought about by its degradation,
in order to develop an economical new orthopedic implant
antibacterial magnesium alloy.
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2. Materials and methods
2.1. Materials synthesis and characterization

2.1.1. Material preparation

High-purity Mg (99.98wt.%), Zn (99.99wt.%) and Sn
(99.99wt.%) in specific proportions were melted in an in-
duction furnace under Ar gas protection. The prepared Mg-
1Zn-0.5Sn alloy ingots measuring 80mm in diameter were
then extruded into bars with a length-to-width ratio of 25 at
a temperature of 300°C. The samples for investigation were
cut from the extruded bars and successively ground to 1400
grit by SiC paper, ultrasonically cleaned in deionized water
and ethanol and dried in cold air. Three replicates were pre-
pared to evaluate the reproducibility of each test.

2.1.2. Microstructure characterization, mechanical
properties, and degradation properties

The polished samples were etched by a solution of 2ml of
saturated picric acid and acetic acid and 8 ml of ethanol for
microstructure observation [50]. The microstructure was ex-
amined by X-ray diffraction (XRD, Rigaku D/MAX-2500PC)
with Cu Ko radiation and scanning electron microscopy
(SEM, VegallLMU) with energy dispersive X-ray spectrome-
try (EDS) capability.

Extruded rods with a diameter of 16 mm were machined to
dimensions of 2mm in gauge thickness, 5mm in gauge width
and 10mm in gauge length for tensile tests. Compression
samples with diameters of Smm and heights of 10mm were
also prepared. Tension and compression tests were carried out
on a SANS CMT5105 (CMS Co., Shenzhen, China) testing
machine with a strain rate of 10-3s~! and 1 mm min~!, re-
spectively, at room temperature.

Electrochemical measurement at 37 °C in phosphate buffer
solution (PBS) is an effective way to evaluate the in vitro
degradation behavior. Samples mounted in self-curing den-
ture acrylic with an exposed area of 0.785 cm? (¢10 mm)
were used as working electrodes in a three-electrode system
with a platinum plate as the counter electrode and a saturated
calomel electrode (SCE) as the reference electrode. Before the
measurements, 30min of open-circuit potential was measured
to establish a relatively stable state of the system. A potentio-
dynamic polarization curve was fitted by CorrView software,
and a Nyquist plot from an electrochemical impedance spec-
troscopy (EIS) test was fitted by ZView software [51].

The immersion tests aimed mainly to obtain the corrosion
rates through the hydrogen evolution volume and weight-loss
method, which were performed at 37°C in PBS following
ASTM-G31-72 [52]. Samples of dimensions 10 x 10 x 7 mm?>
were immersed in a solution with a ratio of 20mL/cm? (so-
lution volume/surface area). Hydrogen was gathered in an in-
verted funnel and monitored by a scaled burette. Then, the
immersion solution of each group at different time points (1,
3, 5, and 7 days) was sampled and sent to the magnesium
alloy center of Chongqing University for ICP detection (Mg,
Zn, and Sn). The results were normalized to the PBS results.

2.1.3. Hydrophilic testing

The hydrophilic properties of Mg-1Zn-0.5Sn composites
were studied by the sessile drop method; Mg-1 Zn and tita-
nium alloy were used as a control group. Distilled water was
used as the media. A drop of distilled water was dropped
onto the surface of each material, and the static contact an-
gle was measured with a goniometer (Model 590; Ramé-hart,
Succasunna, NJ, USA) at room temperature.

2.2. Antibacterial

2.2.1. Bacterial culture conditions and antibacterial
test

E. coli O157: H7 NTCC: 12900 and S. aureus ATCC:
25923 were used as standard Gram-negative and Gram-
positive strains for antibacterial studies, respectively. First,
100 pL of each bacterial suspension with a final concen-
tration of 105 CFU mL~! was transferred to 400 pL of
leaching solution culture medium. Then, 150 wL of each
inoculum suspension was plated in triplicate in a 96-well
microtiter plate and incubated at 37 °C on a reciprocal shaker
(120rpm). The growth of the cultures was monitored every
2h by measuring the optical density (OD) at 630nm. All the
experiments were performed in triplicate.

The antibacterial activity of the Mg-1Zn-0.5Sn materials
was evaluated with the Gram-positive bacteria, S. aureus. The
materials were incubated in MBH media with vigorous agi-
tation until the optical density of the culture was 0.8 (ab-
sorbance) at 600nm. The bacterial suspension was prepared
by diluting the culture 10-fold with PBS. The Ti and Mg-1Zn
material samples and glass as a control were cut into pieces
measuring 1 x 1 cm? and placed in Petri dishes. Then, 50 FL
of diluted culture was dropped onto the surface of each film,
and the dishes were incubated at room temperature. After in-
cubation for the specific contact time, Sml of PBS was added
to each dish, and the solution was gently mixed. Then, 100 pl
of diluted suspension was taken out and immediately spread
on MBH agar plates. These plates were incubated at 37°C
for 12h, and the bacteria colonies were then counted.

2.2.2. Intracellular reactive oxygen species assay

To evaluate the intracellular reactive oxygen species
(ROS) levels of bacterial cells on different samples, 2', 7'-
dichlorofluorescein diacetate (DCF) was used according to
an established procedure. Briefly, bacteria (I mL, 106 CFU/
mL) were cultured with the samples at 37°C for 24h. Sub-
sequently, 0.5mL of DCF (10 M) was added to each well
and incubated for 30min in an incubator. Next, 100 WL of
this solution was transferred into a new 96-well plate. The
fluorescence intensity (FI) of the DCF for each sample was
detected with a microplate spectrophotometer (with an ex-
tinction wavelength at 488 nm and an emission wavelength at
535nm). Finally, the DCF FI value, indicating the ROS level,
was normalized against that of bacteria incubated on the Ti
sample, and the final result was expressed as a change in the
ROS concentration.
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2.2.3. ATP level assessment

The ALP levels of bacteria adhered to different samples
were measured. Briefly, 1 mL of bacterial suspension (1 x 106
CFU/mL) was grown on each sample substrate at 37°C for
6h. Then, the ATP levels of the suspensions were measured
via the Enhanced ATP Assay Kit (Beyotime, China) with the
luminescence intensity method.

2.3. Biocompatibility in vitro

2.3.1. Cytotoxicity assays

Dulbecco’s modified Eagle’s medium/nutrient mixture F-12
(DMEM/F12) with 10% fetal bovine serum was used as an
extraction medium. An extraction solution of Mg-1Zn-0.55n
and Mg-1Zn was used for comparison. The Cell Counting Kit-
8 (CCK-8; Beyotime, Jiangsu, China) was used to investigate
cell viability. Then, 200 pL of cell suspension was seeded
into each well of a 96-well plate. Each well contained 2 x 104
viable cells per cm?. On days 1, 3, and 5, 20 pL of CCK-8
solution was added to each well, and the plates were then
incubated for 1h. The plates were then read (in terms of
the sample absorbance) at 450nm using a microplate reader
(Thermo Fisher Scientific Co Ltd, Waltham, MA, USA).

The survival activity of BMSCs grown on the sample was
evaluated by live/dead staining. After being incubated for 1
day, the BMSCs (at an initial density of 2 x 104 cells/cmz)
were washed with PBS three times. Then, 1 mL of PBS con-
taining 1 mM FDA and 2mM PI was added to each well for
staining. Subsequently, the treated BMSCs were cultured at
37°C for 10 min and immediately visualized with fluorescence
microscopy (Leica AF6000, Germany). The obtained images
were used to quantify the dead cell number via IPP 6.0.

2.3.2. Lactate dehydrogenase (LDH) assay

The BMSCs were seeded onto samples at an initial density
of 1x 104 cells/cm®. After culturing for 3 days, the culture
media was collected, and the LDH activity was measured
with an LDH assay kit at A=490nm via a spectrophotometric
microplate reader (Bio-Rad 680, USA).

2.3.3. Cell attachment and spreading

In this experiment, 1cm x 1cm x 0.1cm specimens of the
different materials were prepared. BMSCs were cultured with
different groups (glass control, Mg-1Zn, and Mg-1Zn-0.5Sn)
on a 24-well plate for 24 h. The cell density in each well was
calculated to be approximately 3 x 104 cells/cm? using cell
counting plates.

The cells were fixed in 4% paraformaldehyde for 15min,
Triton X-100 was added as a detergent, and the cells
were stained with phalloidin (50 pg/mL; Cyagen, Guangzhou,
China) for 30min and then washed. Next, the cells were
stained with 4',6-diamidino-2-phenylindole (0.1 mg/mL; Cya-
gen, Guangzhou, China) for 15min and imaged using CLS
(Nikon, Tokyo, Japan). Finally, the cytoskeleton morphology
was examined using inverted fluorescence microscopy (Leica
SP8, Wetzlar, Germany) and Image] software. The cellular
F-actin was characterized in terms of the aspect ratio and

Table 1

Primer sequences for each gene.

Gene 5’3" sequence

GAPDH F: 5'- GGCAAGTTCAACGGCACAGT-3

R: 5’- GCCAGTAGACTCCACGACAT-3

Integrin F: 5- AGCTGGACATAGTCATCGTC-3’
al R: 5'- AGTTGTCATGCGATTCTCCG-3'
Integrin F: 5- AATGTTTCAGTGCAGAGCC-3'
Bl R: 5-TTGGGATGATGTCGGGAC —3'

number of cells branching points. To evaluate the deforma-
tion, cell roundness was measured using the Image-Pro-Plus
software (Media Cybernetics, Inc., USA). The cell roundness
was expressed as the ratio of the average radius of curva-
ture of the edge or corners to the radius of curvature of the
maximum inscribed circle [12].

2.3.4. Quantitative real-time polymerase chain reaction
assay

BMSCs were cocultured with small disks of Mg-1 Zn,
Mg-17Zn-0.5Sn and a glass control with diameters of 3cm
and thicknesses of 0.5cm in a 6-well plate. DMEM-F12 was
added to the cultured BMSCs, and the cell-attachment-related
genes (integrin o1 and integrin 1) were detected. The first
established detection time point was 1 day after coculture
with the samples. RNA was extracted using a total RNA
kit (Omega Bio-Tek, Norcross, GA, USA) at each exper-
imental time point. Complementary DNA was synthesized
(at 37°C for 15min and 85°C for 5s) using a PrimeScript
RT reagent kit (Takara, Shiga, Japan). A quantitative reverse
transcription-polymerase chain reaction (QRT-PCR) assay was
performed using the SYBR premix Ex Taq reagent (Takara)
with a CFX Connect Real-Time PCR Detection System (Bio-
Rad, Hercules, CA, USA). Primers were designed and syn-
thesized by Sangon Biotech Co. Ltd. (Shanghai, People’s Re-
public of China) using Primer Premier software (PREMIER
Biosoft, Palo Alto, CA, USA). The primer sequences are pre-
sented in Table 1. Glyceraldehyde-3-phosphate dehydrogenase
was used as an internal control. The relative expression of the
target gene was calculated using the 2— A ACt method accord-
ing to the Ct values measured in previous reports.

2.4. Biosafety in vivo

2.4.1. Animal model

Four-week-old female Sprague—Dawley rats each weighing
200-240¢g were obtained from the Laboratory Animal Center
at Chongqing Medical University. The protocol was approved
by the Ethics Committee of the First Affiliated Hospital of
Chongqing Medical University Reference (IACUC No.: 2016-
059). The rats were randomly divided into two groups of
twelve animals such that there were at least six animals for
each group at each time point. The rats were anesthetized
using chloral hydrate (10%, 5.0-7.5mL/kg), the left distal
femoral condyle of each rat was exposed, and a bone defect
with a diameter of 1.5 mm was created. Mg-1Zn-0.5Sn or Mg-
1 Zn was inserted into the defects. After surgery completion,
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penicillin was injected to prevent infection. After 1, 7, or 14
days feeding in the Laboratory Animal Center, the rats were
euthanized using CO,.

2.4.2. Biochemical analysis

Blood samples were collected by intracardiac puncture,
and plasma was prepared by two successive centrifugations
at 382x g (2000rpm) for 20 min. Samples were stored
at —20 °C until analysis by the First Affiliated Hospi-
tal of Chongqing Medical University. Alanine aminotrans-
ferase (ALAT), aspartate aminotransferase (ASAT) and cre-
atinine plasmatic levels were quantified using an AU400
Chemistry Analyzer (Beckman Coulter). Interleukin-6 (IL-
6) plasma levels were quantified by immunoassay using
the Mouse Cytokine/Chemokine Magnetic Bead Panel (IL-6)
(MCYTOMAG-70k, Millipore).

2.4.3. Histological analysis

Organs were carefully collected, fixed and conserved in
formalin solution before paraffin embedding. Three-pm-thick
paraffin sections of different organs were then processed man-
ually. Slides were deparaffinized in three successive baths of
xylene (Hydroclear) for 10 min and then rehydrated twice
with 100% ethanol. After rising in tap water for 10 min, the
slides were stained with Griindwald Hematoxylin for 30 s.
After washing, the slides were stained with eosin for 15 s
and rapidly rinsed in tap water and three baths of 100%
ethanol. The slides were then stained in alcoholic safranin
solution for 30 s, cleaned in xylene three times and mounted
with Eukitt medium. The stained slides were scanned on
a whole slide scanner (Nanozoomer 2.0-HT, Hamamatsu,
Japan) at40x magnification, and the obtained images were
analyzed using NP-Viewer software.

3. Statistical analysis

Based on the normal distribution and equal variance as-
sumption test, the data were expressed as the mean =+ stan-
dard deviation and analyzed via one-way analysis of variance
(ANOVA) with the Student Newman—Keuls (SNK) post hoc
test. Statistical analysis was performed using SPSS 17.0 soft-
ware. The differences were considered statistically significant
at p < 0.05 (%) and p < 0.01 (k).

4. Results and discussion

4.1. Microstructure, mechanical properties, and in vitro
degradation

Fig. la, b shows SEM-backscattered electron images of
the extruded Mg-1Zn-0.5Sn alloys. The alloys exhibit an «-
Mg solid solution with different quantities of small white dis-
persed particles. It is confirmed that there is no Sn-containing
ternary phase formed in the Mg-Zn-Sn alloy system [53]. The
formation of the intermetallic is related to the electronegative
difference between different elements. Therefore, the Mg,Sn
phase forms preferentially in Mg-Zn-0.5Sn alloy because of

Table 2

Mechanical properties of Mg-Zn-0.5Sn.

Alloy YS(MPa) UTS(MPa) Refs.
cortical bone 105-114 35-283 [55-57]
AZ31 extruded 185 264

Mg-1Zn 110+3 21111

Mg-1Zn-0.5Sn 115+3 239+10

the large electronegativity difference between Mg and Sn.
Fig. lc shows the XRD results of the investigated alloys. The
Mg-1Zn alloy is composed of a-Mg and dispersed impuri-
ties, while the Sn-containing alloys consist of «¢-Mg and a
dispersed Mg,Sn phase, combined with some impurities. Ac-
cording to the Mg-Sn phase diagram, Sn could be enriched
in the liquid ahead of the solidification front, causing a con-
stitutional super cooling zone of solid/liquid interface [42].
MgZn2 precipitates were thought to be nucleation sites for
the Mg,Sn precipitates [53]. This similar point was found in
Ref [54]. also, the atom of Zn segregation at the interphase
boundary facilitated the formation of Mg,Sn phase. It can
well illustrate the white particles B and C in Fig. 1 contains
Zn and Sn together. The tensile YS is obviously enhanced by
the addition of Sn into Mg-4 Zn alloy can be attributed to
the solid solution strengthening and dispersion strengthening
of Znrich particles (such as MgZn2) and Mg,Sn particles

The tensile stress-strain curves (Fig. 1d) demonstrate ad-
vantageous mechanical properties of the current alloys com-
pared to Mg-1 Zn. Notably, 0.5Sn addition results in improve-
ment in the strength and elongation. The phase composition
as characterized by XRD shows that the Mg,Sn phase is the
only additional phase present. The mechanical parameters of
present alloys, natural bone [55] and some Mg alloys [56,57]
were summarized in Table 1. The yield strength (YS) and ul-
timate tensile strength (UTS) of Mg-1 Zn alloy are improved
with Sn. The YS and UTS of all the investigated alloys ex-
ceed 100MPa and 200 MPa, respectively, which means that
extruded Mg-4ZnxSn alloys are available to meet the require-
ments of above 200 MPa for bone implant materials (Table 2),
which was proposed by Erinc [58].

Fig. le shows potentiodynamic polarization curves of the
studied alloys. The Sn-containing alloys exhibit higher ca-
thodic current densities but lower anodic current densities than
the Sn-free alloy. With Sn addition, the increasing amount of
the second phase leads to additional cathodic hydrogen evo-
lution sites. Therefore, the cathodic current density of the
Sn-containing alloys is higher than that of the Sn-free Mg-
1Zn alloy. However, the cathodic currents of all of the al-
loys are approximately the same because the high hydrogen
evolution overvoltage of Sn can suppress hydrogen evolution
to some degree [59]. As for the anodic branch, the alloys
have a passivation tendency below the breakdown potential
(Eb), indicating that protective films form on the surfaces.
Hydrogen produced by the rapid degradation of magnesium
alloys in the early post-implantation period is a key reason
for limiting their use in medicine. Fig. 1f shows the hydro-
gen evolution with immersion time. The results reveal that
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Fig. 1. Microstructures of the alloys (a) Mg-1 Zn and (b) Mg-1Zn-0.5Sn; (c) XRD patterns, (d) mechanical properties, and (e) potentiodynamic curves of the
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when Sn is added, the hydrogen evolution rate (VH) (by the
equation pH=2.279VH [60]) of Mg-1Zn-0.5Sn alloy is sig-
nificantly lower than that of Mg-1Zn. The ICP results support
this conclusion. After immersion in medium for 7 days, the
amounts of released Zn and Mg are not significantly differ-
ent. However, the amount of Mg-1Zn released over 24h is
significantly higher than that of the Mg-1Zn-0.5Sn group. It
can be concluded that the use of Mg-1Zn-0.5Sn can reduce
the rapid degradation rate significantly within 24h compared
to the Mg-1Zn group (Fig. 1g-i).

Bio-corrosion mechanism Indicated by the above studies,
the Mg-1Zn-0.5Sn alloys showed decreased corrosion rate
than Mg-1Zn alloy in PBS. Based on the results of the cor-
rosion tests, the main chemical reactions may occur as fol-
lows:

MO +H,0— M (OH), (M=Mg, Zn) (1
M +2H,0— M+ +20H +H, (M=Mg, Zn) ?)
M,* 4 2H,0" — M (OH), (M=Mg, Zn) 3)
3M, " +2P03.4 — M3 (PO4), (M=Mg) )
Sn H, +2H,0 — SnO, + 3H, )

Oxidation usually happens when the samples are exposed
in the air. Once the samples are immersed in PBS, the outer
oxide layer would be converted into hydroxide contained layer
(Eq. (1)). With time passing, the hydroxides continue to be
attacked by corrosive CI- and transform into soluble metallic
ions and OH-. For Mg-1Zn-0.5Sn alloys, SnO/SnO, formed
in the outer layer is stable and insoluble to water, isolating
the alloys from solution. This may be one of the corrosion
resistance mechanisms of Mg-1Zn-0.5Sn

When the solution penetrates through the outer layer to re-
act with Mg matrix in the sequence of Mg and Zn (Eq. (2)),
according to the aqueous half-cell potentials [61]. The reac-
tions turn some elements in the substrate surface into metal-
lic ions, increase the localized pH value. Then, solution will
accumulate at the bottom of these holes, and continue to
destroy the holes, accompanied by the destructive effect of
the evolution of H,. Differently, for Mg-1Zn-0.5Sn alloys,
Mg,Sn phases acts as initiation sites of galvanic corrosion,
and Mg areas adjacent to Mg,Sn phases preferentially dis-
solve into metallic ions with some hydrogen evolved, which
also leads to local alkalization. Meanwhile, the rapid increase
of pH value leads to the precipitation of the insoluble hy-
droxides Zn (OH), and Mg (OH), (Eq. (3)), as the solubility
products (Ksp) is 3.05 x 10—16 and 1.8 x 10—11 [44], re-
spectively. These precipitates could slow down the corrosion
process by filling up and repairing the pitting holes. As the
corrosion proceeds, phosphate will also be formed and precip-
itated on the surface continuously (Eq. (4)). However, since
Cl-can react with hydroxides to form chloride, the precipitants
are insufficient to protect the Mg matrix for Mg-1 Zn alloy.
According to the Pourbaix E-pH diagram of Sn-H,O [62],
tin hydride (SnH4) might form firstly. SnH, was reported to

react with water to form SnO, (Eq. (5)) [63]. Therefore, this
dense SnO; in Sn-bearing Mg-1 Zn alloys, incorporated in the
surface film, offers strong protectiveness to pitting corrosion.

4.2. Cell proliferation and attachment

The initial adhesion, morphology, and viability of BMSCs
were characterized to investigate the cytocompatibility of the
material samples in vitro. After 1 day of culturing, the num-
ber of BMSCs in the Mg-1 Zn group decreased significantly
(Fig. 2a) relative to other groups. This may be due to the rapid
degradation of Mg-1 Zn, which rapidly increases the pH value
and affects the adhesion and proliferation of BMSCs. It is no-
table that the number of BMSCs on Mg-1Zn-0.5Sn and Ti ex-
hibited no difference after culturing for 1 day, indicating that
the degradation of Mg-17Zn-0.5Sn samples does not disrupt
BMSC adhesion. Fig. S1 presents the water contact angles
of the Mg-1Zn, Mg-1Zn-0.5Sn, and Ti. These results indicate
that the hydrophilicity of the Mg-1Zn-0.5Sn composites is
better than those of Ti and Mg-1 Zn and that Mg-1Zn-0.5Sn
is more biocompatible than the other materials. A difference
was observed after culturing for 3 days; BMSCs in the Mg-
1Zn-0.5Sn group exhibited significantly higher proliferation
ability than other groups, indicating that products from the
degradation of Mg-1Zn-0.5Sn samples could have a positive
effect on proliferation (Fig. 2a). Furthermore, a similar ten-
dency in the Mg-1 Zn group was observed with culture times
of 5 and 7 days. It can be concluded that as the degradation of
Mg-1 Zn slows down, the pH decreases, and the accumulation
of Mg and Zn plays a role in promoting BMSC proliferation
(p < 0.05). As shown by the PCR results (Fig. 2b,c), the gene
expression of integrins o1 and B1 in the Mg-1 Zn group was
significantly lower than that in the other groups at the 1-day
time point (p < 0.05). However, at the 3- and 5-day time
points, the integrin (o1 and B1) expression of this group was
significantly increased (compared to the Ti group). Although
the Mg-17Zn-0.55n results were not significantly different from
the control group results on the first day, the expression at the
other time points was significantly increased over that of the
other groups. After the rapid degradation period (24h), the
Mg and Zn ions and relatively high pH values produced by
slowly degrading Mg alloys were found to be beneficial for
BMSCs to express integrins ol and 1 [64]. In addition, the
morphologies of the BMSCs were observed with cytoskeleton
staining after culturing for 24h (Fig. 2d). The BMSCs on Ti
presented a spreading morphology with a fusiform shape. In
comparison, BMSCs spread more, with protruding pseudopo-
dia, on Mg-1Zn-0.5Sn. BMSCs cultured on Mg-1Zn-0.55n
exhibited more pseudopodia than those of other groups, in-
dicating that the ions released through degradation and the
hydrophilic surfaces enhanced BMSC attachment and spread-
ing. In addition, the results of the LDH assay indicated that
the obtained Mg-1Zn-0.5Sn group presented no detectable
cytotoxicity to BMSCs (Fig. S2). Cytoskeletal staining and
roundness statistics were used to evaluate the molecular ar-
rangement and concentration and occurrence of cell deforma-
tion on the surfaces of the various materials after culturing
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for 24h. Compared with the results of the control group, the
cell roundness in the Mg-1Zn groups was increased by 58%.
These results suggest that the Mg-1 Zn induces deformation.
However, the cell roundness in the Mg-1Zn-0.5Sn groups was
decreased slightly by 12% (Fig. 2e). As a result, Mg-1Zn-
0.5Sn is concluded to provide better biocompatibility than the
other materials, consistent with the live/dead staining results
(Figs. S3,S4). Nevertheless, the viability of BMSCs cultured
on Mg-1Zn-0.5Sn was higher (p < 0.01) than that of Ti and
Mg-1 Zn. Remarkably, a similar trend was observed for a
culture time of 7 days. The release profiles of Mg, Zn, and
Sn from the Mg-1 Zn and Mg-1Zn-0.5Sn samples were mea-
sured with ICP. The release rate of Mg-1Zn-0.5Sn in PBS was
slower than that of Mg-1 Zn, indicating that Sn decreases the
rapid release of alloy constitutive metals. A similar result was
observed when the Mg-1 Zn and Mg-1Zn-0.5Sn samples were
exposed to DMEM/F12 with a pH value of 7.9 (Fig. S5). The
degradation process of Mg-1Zn-0.5Sn was slower than that of
the Mg-1 Zn group. This result indicates not only that the me-
chanical properties of Mg-1Zn-0.5Sn can be maintained long
after implantation in the human body but also that the new
material can reduce the deleterious side effects (involving ex-
cessive OH- and H, production) of Mg alloy implantation.

4.3. Alkalinity evaluation and antibacterial activity

It has been reported that the alkaline microenvironment
surrounding biodegradable implants not only improves BMSC
viability but also inhibits bacterial growth in vitro and in
vivo, both of which benefit bone repair [65,66]. In addition,
microenvironments with high pH values (<8.0) can lead to
bacterial death, enhancing the antimicrobial property of im-
plants and benefiting the repair of infected bone [67]. Hence,
the alkalinity of each sample with bacteria (E. coli and S.
aureus) and BMSCs merits investigation. It was found that
the pH of an MBH medium culture of E. coli and S. aureus
sharply decreased within 24 h, while the pH of a DMEM/F12
culture of BMSCs slightly decreased from 7.9 to 7.6 (Fig.
S5). Furthermore, both E. coli and S. aureus on Ti produced
acidic environments and led to significant reductions in pH
values. Specifically, the relative pH values of the Ti groups
were approximately 6.1 for E. coli and approximately 5.2 for
S. aureus (Figs. S6, S7).

However, in all Mg alloy materials, interface pH values
were not impacted by bacteria but instead maintained mi-
croenvironmental alkalinity (pH > 7.8) over 24h (Figs. S6,
S7). In addition, the local pH of all samples with BMSCs
did not exhibit an acidic microenvironment in DMEM/F12
medium. The degradation of Mg-1Zn-0.5Sn and Mg-1Zn cul-
tured with bacteria and BMSCs provided an appropriate al-
kaline microenvironment with a pH value exceeding 8. The
antibacterial properties of the samples were then challenged
with E. coli and S. aureus via the spread plate method, follow-
ing previous studies [67,68]. As shown in Fig. 3a,b, the Mg-1
Zn group and the Mg-1Zn-0.5Sn group exhibited a significant
reduction in the bacterial population in the coculture liquid at

all detection time points compared with the Ti group. The
results shown in Fig. 3c are consistent with this conclusion.
The resulting colonies of E. coli and S. aureus on the Mg-1
Zn and Mg-1Zn-0.5Sn substrates were smaller than those on
Ti. After sample degradation in DMEM or PBS medium, the
pH change for each group was observed (Fig. S8). The re-
sults showed that although there was no significant difference
in pH between the two groups after 120h, the early pH of the
Mg-1Zn-0.5Sn group was significantly lower than that of the
Mg-1 Zn group. This slow pH elevation facilitates early cell
adhesion while providing an alkaline environment comparable
to that of the Mg-1 Zn group.

Furthermore, although the pH value of the Mg-1Zn-0.55n
group was lower than that of Mg-1 Zn, the Mg-1Zn-0.55Sn
group exhibited better bacterial ability. The antibacterial ef-
fect is therefore attributed to the presence of Sn. In a previous
study, Zn>* was found to correspond to one of the significant
inorganic metal oxides exhibiting excellent antibacterial ac-
tivities [69]. It has been recently well established that doping
processes can improve the antibacterial efficacy of alloys. In
particular, dopants such as Sn play a vital role in enhanc-
ing the antimicrobial activities of zinc alloy [37,70,71]. This
might be the reason why the Mg-1Zn-0.5Sn group exhibited
better antibacterial properties than the Mg-1 Zn group in the
bacterial CFU test.

It has been confirmed that the antibacterial pathway of re-
leased Zn*t is based on the production of ROS [27,72]. As
shown in Fig. 3d, a measurement of the intracellular ROS
levels of samples determined that the intracellular ROS lev-
els gathered in E. coli from the Mg-1 Zn and Mg-1Zn-0.55Sn
samples were higher (p < 0.01) than that of the Ti group. A
similar phenomenon was observed for S. aureus. However, Sn
might not play a role in antibacterial ROS. Under normal con-
ditions, protons enter the cell through the proton channels to
combine with existing F-type (HT-transporting) ATPase and
take part in the process of ATP production [73,74]. Thus, the
bacteria are hindered, even to the point of death, due to the
inhibition of ATP synthesis and the associated energy short-
fall [75]. Fig. S9 shows that, compared to the Ti group, both
Mg alloy groups decrease the ATP levels in bacteria, and the
Mg-1Zn-0.5Sn group shows lower ATP levels than the Mg-1
Zn group, which means that Sn might inhibit bacteria in the
manner described above.

In detail, the Mg alloy surface sustainably releases OH™
ions that continuously react with hydrogen ions from the bac-
terial extracellular environment and reduce the ATP level of
bacteria [67]. Moreover, the level of bacterial intracellular
ROS increases substantially due to the transformation of the
alkaline microenvironment and the release of Zn2*. Finally,
the new antibacterial agent Sn inhibits the activity of bacterial
proliferation.

4.4. In vivo biosafety and biocompatibility

This study also focused on in vivo biosafety and bio-
compatibility. With the degradation of magnesium alloy, Hy,
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OH—, and free Mg ions, Zn ions and Sn ions are gener-
ated, which might cause damage to surrounding tissues or the
whole body. First, to determine if the materials induced liver
toxicity, we measured the plasma ASAT and ALAT contents.
An increase in these enzymes is considered a key marker of
hepatocellular injury. The ALAT and ASAT levels remained
normal in Mg-1Zn-0.5Sn group animals for 14 days as com-
pared to the control group with a mean value of approx-
imately 201 U/L and 52U/L for ASAT and ALAT, respec-
tively (Fig. 4a, b). Although the ASAT level of Mg-1Zn-0.55Sn
was significantly higher than that of other groups for 24h, it
had returned to a lower level at 7 days, indicating the ab-
sence of liver dysfunction. Kidney function was assessed by
measuring the creatinine plasma level. We did not observe
any significant difference between the Mg-1Zn-0.5Sn-treated
groups sacrificed at any time points and the control group
(Fig. 4c). Importantly, these values remained under the tox-
icity threshold and were consistent with literature reports of
normal function (30 wmol/L) [76-78]. The potential inflam-
matory effect of Mg-1Zn-0.5Sn was determined by the plasma

level of IL-6, a well-recognized mediator of inflammation. In
the control group, the average level of IL-6 was approximately
30pg/ml as described in the literature. Relative to the control
group, the IL-6 level was not significantly modified at 24 h,
7 days or 14 days post-treatment (Fig. 4d). These results,
combined with histological analysis, indicate that even if Mg,
Sn, and Zn accumulate in the liver, they do not alter hepatic
function.

These results confirm that, compared to Ti and the control
group, Mg-1Zn-0.5Sn implantation is safe, inducing no acute
or chronic toxicity or weight loss in the animals (Fig. 4e).
Moreover, any increase in the IL-6 level was transitory, caused
by surgery, and returned to a normal value one week later,
suggesting the absence of additional inflammation. Combined,
these results provide evidence that metal ion (Mg, Zn or Sn)
accumulation in the liver and small amounts in the kidney
due to alloy degradation do not affect organ functionality.

These results, in conjunction with histological analysis, in-
dicate that even if Mg, Sn, and Zn accumulate in the liver,
they do not alter hepatic, spleen or kidney structure (Fig. 4f).
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5. Conclusion (1) The effects of Sn on the degradation and biocorrosion

properties of as-extruded Mg-1 Zn alloys are investi-

From this study, following research on the properties of gated in this work. Due to solid solution strengthen-
the Mg alloy itself, its antibacterial properties, and its bio- ing, the mechanical properties are slightly improved by
compatibility in vitro and in vivo, we can draw the following Sn addition. In addition, a small amount of Sn added
conclusions:

to Mg-1 Zn alloy reduces the biocorrosion rate, which
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might be attributed to Sn participation in the outer-layer
film formation, which would reduce side effects such as
hydrogen accumulation after implantation in vivo.

(2) Mg-1Zn-0.5Sn materials exhibited significant antibacte-
rial ability compared to Ti materials. On the one hand,
this is because the material provides an alkalized en-
vironment during the degradation process, which is not
conducive to bacterial growth. On the other hand, the
Mg and Zn ions and their degradation products pro-
duced by the degradation of the material have an ad-
ditional antibacterial effect. Furthermore, Sn ions also
play an important role in this antibacterial activity. It
can be concluded that Mg-1Zn-0.5Sn has excellent an-
tibacterial potential in medical applications.

(3) Compared with Mg-1 Zn, Mg-1Zn-0.5Sn has excellent
biocompatibility. /n vitro, BMSCs exhibited better ad-
hesion, better proliferative capacity and lower mortality
on the surface of Mg-1Zn-0.5Sn than on the other sur-
faces. Furthermore, Mg-1Zn-0.5Sn implantation did not
cause liver or kidney toxicity and did not cause addi-
tional inflammatory reactions, in contrast to the tradi-
tional medical metal Ti. These collective results show
that Mg-1Zn-0.5Sn has great potential as a medical ma-
terial.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jma.2020.02.
008.
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